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Pediatric lung transplantation has now become an 
accepted therapeutic modality for patients with end- 
stage pulmonary disease including patients who have 
complex cardiac conditions with associated pulmonary 
vascular abnormalities. Patients with repairable con- 
genital heart defects can undergo cardiac repair and 
lung transplantation in some circumstances. Although 
the number of patients who have undergone these 
operations is relatively small, certain conditions are 
frequently associated with the need for lung transplan- 
tation in association with cardiac repair. This article 
describes the operative techniques for complex lung 
transplantation in association with cardiac disease for a 
few conditions encountered in the experience of pediat- 
ric lung transplantation at both St Louis Children’s 
Hospital and The Children’s Hospital of Philadelphia 
since 1990. 
The technique of pulmonary transplantation has 
evolved from a double lung en-bloc technique to the 
now commonly used bilateral sequential single lung 
transplant technique in most centers. The consistent 
anatomy and relationship of the bronchus, pulmonary 
artery, and pulmonary vein permits lung implantation 
in virtually all anatomies without significant variations 
in operative technique. The lungs of the recipient are 
explanted with ligation of the pulmonary arterial and 
pulmonary venous branches, and division of the bron- 
chi approximately two to three rings from the carina. 
With the patient on cardiopulmonary bypass and after 
both lungs have been excised, the donor lungs are 
sequentially implanted, usually beginning with the left 
lung where exposure is slightly more difficult. The 
recipient bronchus is divided approximately two to five 
cartilagenous rings from the carina and then the donor 
lung is trimmed such that the division of the donor 
bronchus is two cartilagenous rings from the takeoff of 
the upper lobe orifice. An end-to-end anastomosis is 
used in all children because telescoping of the anastomo- 
sis has been associated with late bronchial complica- 
tions in many patients. The technique of suturing is as 
previously described in reference 1, using a running 
absorbable suture for the membranous portion of the 
bronchus and interrupted suture for the cartilagenous 
bronchus.’ No external wrap of the anastomosis is 
performed, although if there is significant tissue adja- 
cent, it may be tacked over the anastomosis if available. 
With the patient supported on bypass, a clamp is placed 
on the pulmonary artery, which is then divided just 
proximal to the takeoff of the branches, the donor 
pulmonary artery is divided at a similar location, and 
an end-to-end anastomosis is created with running 
absorbable suture. A vascular clamp is then placed on 
the pulmonary venous confluence of the recipient, the 
ties are removed from the stumps of the upper and 
lower pulmonary vein, and an incision is made between 
the veins opening a cuff of atrium to which the pulmo- 
nary venous confluence of the donor lung can be 
anastomosed using a running technique with absorb- 
able suture. Just before completion of the anastomosis, 
the clamp is released from the pulmonary artery and air 
is evacuated from the lung before completion of the 
suture line and release of the pulmonary venous clamp. 
A similar technique is then used for implantation of the 
right lung, dividing the bronchus two to three cartilag- 
enous rings from the carina. The consistent relationship 
of the bronchus, the pulmonary artery, and the pulmo- 
nary veins permit this technique to be used in the vast 
majority of cases, and situations of abnormal situs do 
not alter the implantation technique. The implantation 
becomes somewhat more complex if a lobar implant is 
performed; however, the general relationships of the 
bronchus, pulmonary artery, and pulmonary vein re- 
main unchanged and only minor variations in technique 
are necessary, as have been previously described. It is 
possible to split a single lung and implant the upper lobe 
of the lung in the left chest and the lower lobe in the 
right chest. For this procedure to be accomplished, the 
upper lobe is inverted so that the bronchus and vessels 
can be suitably aligned and the close relationship of 
these structures in the hilum permits implantation 
without difficulty. In some cases where stumps of 
pulmonary vein are short, it is possible to use some of 
the adjacent pericardial reflection of the donor to 
create a cuff to use as the pulmonary venous anastomo- 
sis. Thus, in most cases lung implantation in the 
pediatric patient is straightforward and does not pose 
significant complexity to the operation. In most cases of 
complex reconstructions, cardiopulmonary transplanta- 
tion is being performed and the cardiac issues are more 
complex than the pulmonary issues. An example of this 
is the patient with situs inversus totalis, where venous 
connections and pulmonary vein connections must be 
rerouted to implant the heart-lung bloc. The majority 
of patients with previous cardiac reconstructions or 
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congenital heart disease who come to pulmonary trans- 
plantation, however, have normal anatomical relation- 
ships of the hilar vessels and, therefore, lung transplan- 
tation is not 
There are, however, several situations in which lung 
transplantation in the pediatric patient becomes some- 
what more complex. Examples of this type of situation 
are patients with pulmonary atresia with ventricular 
septal defect and/or aortopulmonary collateral arteries 
with no central pulmonary vessels. In these patients, 
cardiac repair and reconstruction of the right ventricle 
to the pulmonary bifurcation of two transplanted lungs 
can be performed. The indications for this technique 
are rare and generally include patients who have not 
had extensive previous thoracic operations where bleed- 
ing from aortopulmonary collaterals can be problem- 
atic. Generally, the lung implantation is performed in 
the standard fashion; however, the pulmonary arteries 
may need to be relocated anterior to the ascending 
aorta and sewn back together to recreate the pulmonary 
bifurcation and then the cardiac repair performed to 
the newly transplanted lungs. This anterior relocation 
of the pulmonary arteries is not complicated, but the 
length of the vessels may need to he extended to prevent 
compression by the generally large ascending aorta in 
this condition. Placement of the pulmonary bifurcation 
behind the ascending aorta may be associated with 
compression of the right pulmonary artery due to the 
dilation of the ascending aorta seen in patients with 
pulmonary atresia and intact septum. The technique 
for cardiac repair and lung transplantation in this 
condition has been previously described. Generally, the 
ventricular septal defect is closed through a right 
ventriculotomy after the lungs have been implanted and 
then a homograft conduit created from the right ven- 
tricle to the pulmonary bifurcation if donor pulmonary 
artery and pulmonary valve are not available with the 
lung specimen.' 
For the purposes of this issue, the implantation 
techniques for a few variations of cardiac repair and 
lung implantation will be described. 
181 COMPLEX PEDIATRIC L I 3 C  TRANSPLANTATIOK 
SURGICAL TECHNIQUE 
1 Surgical technique for Ventricular septal defect closure, lung implanta- 
tion, and outflow reconstruction for pulmonary hypertension associated with 
Eisenmenger’s syndrome. As shown, the implantation technique for patients 
who have ventricular septal defect associated with severe pulmonary hyperten- 
sion is generally uncomplicated. The patient is placed on cardiopulmonary 
bypass with bicaval cannulation and caval snares. As noted in the figure, the 
aorta is clamped and cardioplegic arrest is used. Either through a right atrial 
incision across the tricuspid valve or through an incision in the right ventricular 
outflow tract (if significant dynamic obstruction is likely to be present postopera- 
tively), the ventricular septal defect is exposed and closed with a Dacron patch 
(Bard, Haverhill, MA). The cardiac repair is completed and then the heart is 
allowed to reperfuse while the left and right lungs are implanted. As shown, the 
pulmonary anastomoses are created in the usual fashion and an outflow patch can 
be placed on the right ventricular outflow tract to prevent dynamic obstruction, 
because the pulmonary resistance is low after the procedure in a patient who has 
had chronic right-sided elevated pressures, and significant muscular hypertro- 
phy of the right ventricular outflow tract is common. 
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2 Technique of implantation of lungs for congenital pubnonary vein stenosis or 
pulmonary vein atresia. A complex group of infants and young children who have severe 
pulmonary hypertension and reqiure lung transplantation are those with congenital 
pulmonary vein s t eno~ i s .~  A small number of these patients may have had previous 
repair of total anomalous pulmonary venous return, although the clinical entity may 
exist in isolation or in association with other forms of congenital heart disease including 
transposition of the great arteries, origin of the right pulmonary artery from the aorta, 
and patent ductus arteriosus. Congenital pulmonary vein stenosis involves a fibrointimal 
proliferation of the pulmonary veins at the entrance into the left atrium. This condition 
has generally not been associated with satisfactory surgical repair in its congenital form. 
Occasional isolated pulmonary vein stenosis may be amenable to surgical treatment with 
sutureless pericardial techniques: however, patients who have all four pulmonary veins 
involved with severe pulmonary hypertension have had poor results from surgical 
intervention and generally progressive inexorable pulmonary hypertension and early 
Reparative techniques, including balloon dilation and stenting of the pulmo- 
nary veins, have not been successful in relieving stenosis because there often is diffuse 
tubular hypoplasia of the pulmonary veins back into the hilum of the lung in these 
patients. The localized nature, however, of the pulmonary venous obstruction at the 
entrance into the atrium permits techniques of lung implantation that resolve the 
anatomical problems. These techniques have not been associated with recurrence of 
stenosis. The incision around the pulmonary venous confluence is noted in a patient on 
cardiopulmonary bypass. In some cases, a partial occlusion clamp can be placed on the 
pulmonary venous confluence at the left atrium in Sondergaard’s sulcus and the 
pulmonary veins can be excised from the left atrium and a direct anastomosis created in 
the usual fashion. However, in patients in whom there is not sufficient atrium to allow 
placement of a clamp and suitable access for suturing with the heart beating, 
cardioplegic arrest may be necessary. With the patient on cardiopulmonary bypass and 
the cavae snared, the aorta is clamped and cardioplegic arrest is used. The pulmonary 
vein entrance into the left atrium can then be excised beyond any fibrous intimal tissue. 
As noted in the inset, the cuff of donor pulmonary vein can then be sutured directly to 
this opening in the left atrium with absorbable suture, recreating a new pulmonary 
venous confluence into the atrial chamber. A similar technique is then used on the 
opposite pulmonary venous confluence. With removal of both lungs before implantation 
of the new donor lungs in a sequential fashion, the ischemic time is relatively short for 
each lung implantation and a continuous period of cross-clamping can be used for both 
implants if necessary. 
3 An alternate technique is shown for patients with pulmonary vein stenosis or atresia at the 
entrance into the back of the left atrium. In this technique, a modification of the en-bloc double 
lung technique is used. The donor lung block, which includes the confluence of pulmonary veins 
in the back of the donor left atrium, the confluence of the pulmonary artery, and the stapled 
trachea are shown in the inset. Rather than dividing the entire lung hlock into separate right 
and left lungs with bronchial, pulmonary artery, and venous anastomoses, the bronchi are 
divided in the usual fashion two rings before the takeoff of the upper lobe branches, and the 
carina of the donor is discarded. The pulmonary artery is then divided at the bifurcation but 
the pulmonary venous confluence is left intact. The lung block can then be passed behind 
phrenic nerve pedicles, as shown in the main diagram, positioning the atrial venous confluence 
as in heart lung en-bloc transplant. The bronchial and pulmonary arterial anastomoses can 
then be completed in the left and right chest in the usual single lung transplant fashion, and then 
the confluence of pulmonary veins can be sewn into the back of the left atrium of the recipient 
heart after excision of both lungs and excision of the confluent tissue of the left atrium, using a 
running technique under cardioplegic arrest. In this fashion, a single suture line brings both 
pulmonary vein confluences into the back of the left atrium. This technique may be most useful 
in patients in whom previous repair of total anomalous pulmonary venous drainage has been 
performed. 
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Comments 
Pediatric lung transplantation has been associated with 
siirvival rates comparable to lung transplantation in 
adult patients despite the different patient population 
in the pediatric group.’ The majority of patients coming 
to pediatric lung transplantation have cystic fibrosis, 
which is considered a high-risk group in the adult 
experience. A significant number of children, however, 
require lung transplantation for pulmonary hyperten- 
sion either as a primary vascular disease or in associa- 
tion with other forms of complex congenital heart 
di~ease.’.~ Although cardiopulmonary transplantation 
is necessary in patients with the most complex cardiac 
abnormalities, lung implantation alone may be suitable 
in patients with readily correctable forms of congenital 
heart disease with a low risk of reoperation and good 
chances of complete repair, such as patients with 
ventricular septal defect, atrial septal defect, and other 
complex forms including tetralogy of Fallot and pulmo- 
nary atresia with ventricular septal defect. As noted, a 
unique group are children with pulmonary venous 
obstructive diseases, which may be readily amenable to 
lung tran~plantation.~ Only minor modifications of 
techniques have been necessary for implantation of 
lungs in these patients. 
The most difficult decision process in performing 
pediatric lung transplantation in children with pulmo- 
nary hypertension and congenital heart disease regards 
the potential risk from multiple previous operations. 
Many children who come to lung transplantation have 
had multiple previous surgical procedures for palliative 
or corrective surgical repair and may in addition have 
chronic cyanosis. These patients may have very dense 
adhesions in the chest cavities, which are thin-walled 
collateral vessels that can bleed freely despite cauteriza- 
tion and careful dissection. Once lung implantation and 
cardiac repair is performed, access to the chest wall for 
additional control of bleeding can be very problematic 
and affect graft function. This is especially a concern in 
patients who have had single lung implantation in the 
face of pulmonary hypertension where the entire car- 
diac output may go to the transplanted lung. In addi- 
tion, many children who come to lung transplantation 
for conditions such as pulmonary vein stenosis and 
severe pulmonary hypertension in infancy have had a 
severe illness requiring continuous monitoring and 
intravenous access in intensive care units for several 
months before availability of donor organs and there- 
fore the potential for complications of infection are 
significant. In the group of patients with pulmonary 
vein stenosis as a primary diagnosis, the very severe 
progressive nature of the disease and often late recogni- 
tion of the process leave many patients with severe 
pulmonary hypertension and hernodynamic instability 
such that they cannot survive to the availability of 
transplantable organs. In our own experience at The 
Children’s Hospital of Philadelphia of nine patients 
with severe pulmonary vein stenosis, seven were listed 
for transplant; however, five died before organs were 
available at a mean of 26 days after listing. The severe 
pulmonary hypertension and poor filling of the left 
heart in this condition makes it difficult to resuscitate 
these patients from sudden cardiovascular collapse and 
therefore prompt identification of the patients and 
listing for transplant permits the best possibility for 
survival. The two patients who successfully obtained 
organs are late survivors. This experience reflects our 
earlier experience at the St Louis Children’s Hospital 
with this condition with similar high mortality in the 
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